Abstract. Depth profiles of oxygen concentration and the redox status of acid-extractable iron were measured in littoral sediment cores of Lake Constance incubated under a light-dark regimen of 12 h. While oxygen penetrated to 3.4±0.2 mm depth in the dark, photosynthetic oxygen production shifted the oxic-anoxic interface down to 4.0±0.2 mm or 5.9±1.6 mm depth, at low or high light intensity, respectively, and caused a net oxygen efflux into the water column. After a light-dark or dark-light transition, the oxygen concentration at the sediment surface reached a new steady state within about 20 min. The redox state of the bioavailable iron was determined in 1-mm slices of sediment subcores. After a dark period of 12 h, 85% of the acid-extractable iron (10.5 lmol cm À3 total) in the uppermost 8 mm was in the reduced state. Within 12 h at low or high light intensity, the proportion of ferrous iron decreased to 82 or 75%, respectively, corresponding to net rates of iron oxidation in the range of 244 and 732 nmol cm À3 h À1 , respectively. About 55 or 82% of the iron oxidation at low or high light intensity occurred in the respective oxic zone of the sediment; the remaining part was oxidized in the anoxic zone, probably coupled to nitrate reduction. The areal rates of iron oxidation in the respective oxic layer (21 or 123 nmol cm À2 h À1 at low or high light intensity, respectively) would account for 4 and 23% of the total electron flow to oxygen, respectively. Light changes caused a rapid migration of the oxic-anoxic interface in the sediment, followed by a slow redox reaction of biologically available iron, thus providing temporal niches for aerobic iron oxidizers and anaerobic iron reducers.
Introduction
The littoral sediment is subject to highly dynamic light conditions. The day-night cycle and irregular clouding influence the distribution, concentration and redox state of dissolved and particulate sediment compounds (Wetzel 2001) . Depending on the sediment structure and composition, light can penetrate several millimeters into the sediment (Ku¨hl and Jørgensen 1994) , where it fuels oxygenic and anoxygenic photosynthesis and thereby governs the distribution and redox state of oxygen and sulfur compounds (Revsbech et al. 1983; Pfennig and Tru¨per 1992; Pierson and Castenholz 1992; Tru¨per and Pfennig 1992; Pierson et al. 1999) . Some anoxygenic phototrophs can also oxidize ferrous iron and thus could interfere directly with the redox state of iron minerals in the sediment (Widdel et al. 1993; Ehrenreich and Widdel 1994) .
In littoral sediments of oligotrophic lakes such as Lake Constance, the oxic zone extends several millimeters into the sediment. In such stratified systems with counter gradients of oxygen and ferrous iron, chemotrophic aerobic iron-oxidizing bacteria (Kucera and Wolfe 1957; Ghiorse 1984) could catalyze ferrous iron oxidation with oxygen and compete with chemical oxygendependent ferrous iron oxidation (Stumm and Morgan 1981) . In the dark anoxic sediment layers, ferrous iron can be oxidized by nitrate-reducing bacteria (Straub et al. 1996) .
Ferric iron is reduced under anoxic conditions either chemically by sulfide (Peiffer 1994) or humic acids (Szila´gyi 1971) or microbially by bacteria (Lovley and Phillips 1986) which might mediate ferric iron reduction by various electron carriers (Lovley et al. 1996; Benz et al. 1998b; Nevin and Lovley 2000; Straub and Schink 2003) . Ferrous iron can also be oxidized chemically with nitrite (Moraghan and Buresh 1976) , but does so only if nitrite accumulates to concentrations higher than 0.3 mM (Benz et al. 1998a) .
The dynamics of oxygen distribution and redox state of sulfur compounds under the influence of the day-night cycle have been studied in detail in the past, mainly in microbial mats and marine littoral sediments (Fru¨nd and Cohen 1992; Garcia-Pichel et al. 1994; Epping and Ku¨hl 2000; Glud et al. 2003) , as well as in soft freshwater sediment colonized by epipelic periphyton (Carlton and Wetzel 1986) . Following the pattern of the microbially influenced redox chain (Zehnder and Stumm 1988) , an increased penetration of oxygen into the sediment during daytime causes a downward shift in the zonation and microbial transformation of the subsequent electron acceptors nitrate, sulfate, and ferric iron. The rate and extent of these changes in redox state in the sediment differ, depending on the solubility and diffusion capacity of the affected compounds, and on the rates of the involved reactions.
Little is known about the kinetics of microbial iron transformations (Roden and Wetzel 2002) because high-resolution analysis of iron oxides is difficult (Cornell and Schwertmann 1996) . In the present study, we document the influence of alterations in light intensity on the extent and rates of changes in ferrous and ferric iron distribution in a littoral freshwater sediment, and compare these changes with the simultaneous changes in oxygen distribution.
Materials and methods

Location and sampling
Sediment was sampled in the bay 'Obere Gu¨ll' next to Mainau Island in the Ü berlingersee, the Northwestern branch of Lake Constance, Germany, at 1-2 m water depth. The site is influenced by water currents from the Northwest, wave motion, and wind. The sediment was sandy and consisted of fine-grained material (mainly below 0.5 mm particle size), with some lime. Part of the bottom of the bay is covered with macrophytes, Characea ssp. and Potamogeton pectinatus L., but for our experiments vegetation-free sediment devoid of macrophyte roots was used.
Sediment cores of 250 mm length were taken from aboard a boat with plastic tubes of 80 mm diameter. Tubes were pushed into the sediment vertically with a modified sediment corer (Tessenow et al. 1977) and pulled up carefully with a rope. During upwards movement, a conical lid on the sampling tube closed to prevent sediment losses. On board, cores were sealed at the bottom with rubber stoppers, capped, and transported to the laboratory within 1.5 h of collection. There these primary cores were subsampled with cylindrical polypropylene tubes (200 mm long, 26 mm in diameter). Four subsampling tubes were inserted simultaneously into each core down to about 150 mm depth. After careful removal of the outer tube, subcores were sealed from below and were cleared of the surrounding sediment. Using this method, the sediment stratification remained undisturbed and mixing of the surface sediment was avoided. The subcores in each set of four were found to exhibit only minor differences in their physical and chemical characteristics.
Incubation of the sediment
Subcores were covered carefully with filtered lake water and incubated in basins under a 150 mm layer of aerated and filtered lake water, at a constant temperature of 15°C in a climate-controlled chamber in which all subsequent experiments were carried out. The basins were illuminated under a 12-h light-dark cycle with a combination of three Osram lamps (Biolux L30W/72; Fluora L30W/77; and Haloline 200,W/R7s) to generate low light intensity of 1.5 klx (25lE m À2 s À1 ) at the water surface. In some experiments, additional lamps were used to generate a 10-fold higher light intensity. Neither the water temperature nor the temperature of the sediment were influenced by the incident light. Subcores were incubated in the basin for 36 h before the experiments were started.
Microsensor measurements
Clark-type oxygen microsensors (Revsbech 1989 ) with tip diameters of 10-15 lm and 90% response times of <1 s were constructed and calibrated as previously described (Brune et al. 1995) . Microelectrodes were positioned with a manual micromanipulator (MM33; Ma¨rzha¨user, Wetzlar, Germany), using a depth increment of 250 lm; the tip was positioned at the sediment surface with the help of a stereomicroscope. Data were recorded with a millivoltmeter and a chart recorder.
Oxygen concentrations were calculated from the original data (mV) by dividing by the response (mV kPa À1 ) of the respective microelectrode and multiplying with the Bunsen absorption coefficient (0.01473 mol l À1 atm À1 at 15°C). The oxygen influx into or oxygen efflux out of the sediment was calculated from the gradient of oxygen profiles in the diffusive boundary layer above the sediment using Fick's first law of diffusion. The rate of gross photosynthesis at a specific depth was calculated from the change in oxygen concentration over 30 s after shifting the light conditions from steady-state conditions at illumination with low light intensity to darkness (Revsbech et al. 1981) .
Sediment extraction
After 12 h of incubation under the respective conditions, the overlying water was removed carefully from the sediment surface and the sediment subcores were transferred under a N 2 atmosphere inside an anoxic chamber. Subcores were fit upright into a device that allowed cutting of the sediment into exact 1-mm slices ( Figure 1 ). Each slice of the uppermost 20 mm of the sediment was suspended immediately in 25 ml of 1 M HCl and distributed evenly in the liquid. After 1 h at room temperature, the suspension was mixed again, and 2 ml was removed and centrifuged for 15 min. The supernatant was used for iron analysis. Cold hydrochloric acid dissolves amorphous iron oxides, carbonates, and replaces metal ions adsorbed to inorganic and organic sediment constituents. Of the crystalline iron oxides such as hematite, magnetite, and goethite, only about 2% dissolves by this treatment (Chao and Zhou 1983) .
Unfiltered pore water was sampled in an anoxic chamber from 1-cm slices of sediment after centrifugation under N 2 atmosphere for 30 min at 12,000 · g.
Analysis of iron concentration
Ferrous iron in acid extracts from each sediment slice or pore water samples was determined using the ferrozine assay (Stookey 1970) . Three 50-ll parallel samples were diluted 10-fold in 1 M HCl. To each of three further 50-ll parallel samples, 450 ll of 10% (w/v) hydroxylamine hydrochloride in 1 M HCl was added to reduce ferric iron. After 1 h of incubation at room temperature, 500 ll of 0.1% (w/v) ferrozine in 50% (w/v) aqueous ammonium acetate solution was added. After 10 min, absorption was measured photometrically at 562 nm, and iron concentrations were calculated via a calibration curve. Samples treated with hydroxylamine hydrochloride gave the total iron content. Differences between total iron and ferrous iron represented the ferric iron content of the extracts.
Replicates and statistics
All samples used for determination of ferrous and total iron concentration and 95%-confidence interval were analyzed at least in triplicate. Numbers of parallels given in the text describe the number of different sediment cores analyzed in parallel to reproduce the results. Depth profiles of ferrous and total iron concentration (lmol cm À3 ) were measured with 1-mm resolution in the uppermost 20 mm of the sediment. From these data, the proportion of ferrous iron to total iron (%) and the ferric iron concentration (lmol cm À3 ) was calculated. Depth profiles were measured after 12 h incubation in darkness or under low-and high-intensity light. From differences in the ferrous iron content over time rates of iron oxidation or reduction (nmol cm À3 h À1 ) per 1-mm depth of the respective sediment layer were calculated. Multiplication of these rates with the specific volume gave the electron flow rates (nmol cm À2 h À1 ) across the surface per 1-mm depth of the respective sediment layer. 
Results
Effects of light on oxygen profiles
The depth of oxygen penetration into the sediment increased with the intensity of the incident light. After 12 h of incubation in the dark, oxygen penetrated down to 3.4±0.2 mm depth (n = 5). After the same incubation time at low light intensity (25 lE m À2 s À1 ), corresponding to the light conditions at 2 m water depth during an overcast day, the oxic-anoxic interface was positioned at 4.0±0.2 mm depth (n = 7). At high light intensity (250 lE m À2 s À1 ), corresponding to the light conditions at 2 m water depth during a bright sunny day, oxygen penetrated down to 5.9±1.6 mm depth (n = 2). In the dark, the net areal flux of oxygen into the sediment was 47±30 nmol cm À2 h À1 . During incubation at low or high light intensity, oxygen diffused from the sediment into the overlying water at a rate of 30±26 nmol cm À2 h À1 or 157±69 nmol cm À2 h À1 , respectively. The corresponding maxima of oxygen concentration were 317 lM at 0.25 mm depth, and 530 lM at 0.75 mm depth (Figure 2A ). Changes in oxygen concentration at distinct depth in the sediment after transition from darkness to low-light conditions were followed over time. Results give the oxygen concentrations over time (Figure 3 ) or with depth ( Figure 4) . From these data, rates of gross photosynthesis were calculated, the depth profile of gross photosynthesis is given in Figure 2B . At the sediment surface, the oxygen content was only slightly influenced by dark-light changes. Deeper in the sediment, the oxygen concentration changed dramatically, causing oversaturation at 0.25-2 mm depth during illumination. The changes in oxygen concentration after the change in illumination were fastest during the first 5 min, and slowed down afterwards. Down to 3.25 mm depth, oxygen decreased immediately after changing from light to dark, and rates for gross photosynthesis were calculated for these depths. Gross photosynthesis was highest at 1.25 mm depth with 3 lmol cm À3 h À1 ; the mean value was 0.9 lmol cm À3 h À1 . From this value, an oxygen flow rate directed towards the overlying water of 161 nmol cm À2 h À1 was calculated. After switching from light to dark, the oxygen concentration at the sediment surface did not change any more after 21 min; with increasing depth, it took several minutes longer until a new steady state was reached.
Content and speciation of iron
Subcores from primary sediment cores sampled in different seasons were analyzed to check for temporal differences in ferrous and ferric iron concentration. The porewater in the uppermost 20 mm of the sediment contained on average 200±70 lM ferrous iron and 50±20 lM ferric iron (n = 11). In the solid phase of the sediment on average 9.9±1.1 lmol cm À3 ferrous iron and 3.8±1.2 lmol cm À3 ferric iron were measured (n = 14). All cores showed an increasing proportion of ferrous iron with depth ( Figure 5 ). The average proportion of ferrous iron to total iron varied throughout the study period, with 93% in December, 63% in May, and 84% in September. For the uppermost 3 mm of the sediment, these seasonal differences were even more expressed, with 87, 48 and 72%, respectively. The ferrous iron content in the sediment at 11-20 mm depth was 3% higher than that in the uppermost 10 mm of the sediment in December, 19% higher in May, and 12% higher in September.
We checked sediment collected at the same time but at different locations within 20 m distance for spatial heterogeneities in ferrous and ferric iron distribution. The proportion of ferrous iron to total iron in these sediment cores did not differ significantly.
To check for changes in ferrous iron and ferric iron concentration caused by the incubation conditions, one or two subcores of the same sediment core were analyzed immediately after core preparation; others after 7 days (first control experiment, n = 2), 14 days (second control experiment, n = 8) or 27 days (third control experiment, n = 4) of incubation. No significant differences in ferrous and total iron content were found between sediment subcores after 0 days and after 7, 14 or 27 days of incubation although the 95%-confidence interval changed from ±5% to ±4% and to ±14%, respectively. Thus, the incubation conditions had no effect on the proportion of ferrous to total iron. In the second control experiment, additional sediment subcores of a different set were analyzed after 0 and 14 days of incubation. No significant differences between the ferrous and total iron content of sediment from different subcore sets were detected, either immediately or after 14 days of incubation.
Effects of light on the redox state of the iron pool
Concentrations of ferrous iron, ferric iron, and total iron were measured in sediment subcores of the same set after 12 h of incubation under the described conditions in the dark or under low-or high-intensity light ( Figure 6 ). The sediment contained on average 9.2±0.3 lmol cm À3 ferrous and 1.3±0.2 lmol cm À3 ferric iron (n = 6). This corresponds to a total electron pool of 10.5±0.2 lmol cm À3 in the iron phase that can be subject to redox reactions. From these data the proportion of ferrous iron to total iron was calculated (Figure 7) . The ferrous iron content in the sediment from the surface down to 8 mm depth decreased with incident light intensity. In the dark the ferrous iron content was 85% at 1-8 mm depth; after incubation under low-intensity light it was 82%, i.e. 3% lower; and after incubation under high-intensity light, it decreased further to 75%. With increasing light intensity, the differences in ferrous iron content were statistically significant further down in the sediment. Changes from dark to low light intensity caused significant changes in ferrous iron content down to 4 mm depth, from low to high light intensity down to 6 mm depth, and from dark to high light intensity down to 8 mm depth. The rate of iron oxidation was higher the more reduced the iron compounds were initially, and the more intense the incident light was. The changes from dark to low light intensity caused oxidation of 244 nmol cm À3 h À1 electrons in the iron phase, from dark to high light intensity 732 nmol cm À3 h À1 , and from low to high light intensity 488 nmol cm À3 h À1 . After incubation in the dark, the ferrous iron content was sevenfold higher than the ferric iron content, fivefold higher after incubation under low-intensity light, and threefold higher after incubation under highintensity light. Under low-light conditions, 55% of total iron oxidation in the sediment from 1 to 8 mm depth occurred in the oxic zone down to 4 mm depth. Under high-intensity light, 82% of total iron oxidation was observed in the oxic zone down to 6 mm depth in the sediment. At 1-8 mm depth, 45 or 18% of total iron oxidation took place in the anoxic zone below 4 or 6 mm depth, respectively. The electron release rate owing to aerobic iron oxidation down to 4 mm depth was 21 nmol cm À2 h À1 under low-intensity light and down to 6 mm depth was 123 nmol cm À2 h À1 at high-intensity light. These electrons released by iron oxidation in the oxic zone of the sediment incubated under low or high light intensity accounted for 4 or 23%, respectively, of the about 500 nmol cm À2 h À1 electrons consumed by complete reduction of the oxygen remaining in the sediment during incubation under low-intensity light.
Discussion
The present study demonstrates that changes in light intensity result in a rapid shift of the position of the oxic-anoxic interface in the sediment and in a slower, diurnal redox cycle of the biologically available iron. The differences in the dynamics of these processes provide niches for aerobic and anaerobic iron oxidizers and for iron reducers in a dynamically changing environment.
Ecological consequences of dynamic fluctuations in oxygen concentration and iron redox state
Nightfall or reduced light intensity during the day caused by clouding shift the oxic-anoxic interface upwards, which places ferric iron into a now anoxic surrounding. In this situation, ferric iron acts as an electron sink and is reduced -either directly by ferric iron-reducing bacteria (Nealson and Saffarini 1994; Lovley 1997; Thamdrup 2000) , or chemically by reduced electron carriers (reduced humic compounds, quinones, or sulfur compounds) generated by true iron reducers, fermenting bacteria, and sulfate-and sulfur-reducing bacteria (Lovley et al. 1996; Benz et al. 1998b) .
Increasing light intensity in the morning or the breaking-up of a cloud cover stimulate photosynthetic oxygen production and shift the oxic-anoxic interface downwards, exposing ferrous iron to a now oxic surrounding. In this situation, ferrous iron acts as an electron source for chemical or microbially catalyzed oxidation reactions. In the oxic zone of the sediment, reduced iron can be oxidized by aerobic iron-oxidizing bacteria (Emerson and Moyer 1997; Benz et al. 1998a ) which exhibit high affinities for oxygen and can compete successfully with the chemical reaction. In the underlying anoxic zone, iron oxidation can be attributed to nitrate-reducing iron oxidizers (Straub and Buchholz-Cleven 1998; Hauck et al. 2001) . A chemical oxidation of ferrous iron with nitrite was unlikely to occur since the nitrite concentration in the sediment never exceeded 1 lM. Another possibility is iron oxidation by anoxygenic phototrophic bacteria (Heising and Schink 1998; Straub et al. 1999) . Since the euphotic zone of the sediment down to 3.5 mm depth was typically supplied with ample amounts of oxygen through oxygenic photosynthesis, phototrophic iron oxidizers would have to compete for ferrous iron with aerobic iron oxidizers. The outcome of this competition is not clear, but an assumed suppression of phototrophic iron oxidation would explain why efforts to count and isolate iron-oxidizing phototrophs from littoral sediments of Lake Constance yielded only very low numbers (<10 per ml) of such bacteria (S. Heising, personal communication).
Iron recycling
The continuous sequence of rhythmic and irregular changes in light conditions leads to a redox cycle of iron within the sediment. Early in the morning, aerobic iron-oxidizing bacteria compete successfully at low oxygen concentration against chemical iron oxidation. With decreasing phototrophic activity in the afternoon, the oxidized iron represents an attractive electron acceptor for oxidation of low-molecular-weight organic compounds released, e.g., by the primary producers. Thus, both metabolic groups promote a rapid microscale cycling of iron, as has been shown also in microcosm experiments with a coculture of a lithotrophic ferrous-iron-oxidizing bacterium and a dissimilatory ferric-iron-reducing bacterium (Sobolev and Roden 2002) . For a marine sediment, a repeated recycling of iron has been shown to occur in the dark. Ferric iron is reduced during anaerobic oxidation of organic carbon, and is subsequently reoxidized after exposure to oxygen at the sediment surface due to bioturbation (Canfield et al. 1993) . A similar redox cycling of iron in saltmarsh sediments has been shown to be controlled by sulfate reduction and sediment oxidation as a consequence of annual cycles and short-term effects such as weather and tides (Kostka and Luther III 1995) .
Iron cycling might be driven mainly by the iron species present in the porewater fraction of the sediment, which is present not only as free Fe 2+ ions, but is also complexed by organic ligands (Luther III et al. 1992) . The iron fraction analyzed in our study contains the amorphous or poorly crystalline species among the iron oxides that are easily accessible by mild acid extraction, e.g., ferrihydrite, FeS and FeCO 3 , and some iron leached from silicates (Moeslund et al. 1994 ). This fraction is considered to represent the biologically available portion of the insoluble iron phase and might be easily accessible for dissimilatory processes. The total amount of iron extractable from the sediment with concentrated acid is much higher.
Significance of diurnal S-cycling for iron transformation
Light-dependent changes also cause transformations of sulfur compounds that may play a major role in iron metabolism. The chemical microgradients of S-compounds and oxygen in euphotic layers of microbial mats are strongly influenced by the light-dependent photosynthetic activity of oxygenic and anoxygenic phototrophic bacteria, changing between anoxia and sulfide accumulation at night and oxygen supersaturation during the day (Revsbech et al. 1983) . The activity of sulfate-reducing bacteria is also influenced diurnally owing to changes in temperature rather than to changes in oxygen concentration (Revsbech et al. 1983; Jorgensen 1994) . The sulfide concentration influences the concentration of ferrous iron in the sediment by reduction of ferric iron and by precipitation of ferrous sulfide. In a marine sediment, reactive ferric iron and non-sulfur-bound ferrous iron is transformed almost completely to iron sulfides above 6 cm sediment depth, with most ferric iron reduction occurring in the upper 4 cm of the sediment; 63% of this iron reduction has been assigned to oxidation of reduced sulfur compounds . Although the sulfur content of freshwater sediments is much lower than that of marine sediments, sulfur compounds probably play an important role as electron mediators also in freshwater systems.
Seasonal changes in the redox state of iron compounds
The proportion of ferrous iron in the surface sediment differed far more between sediment cores taken at different seasons than in the diurnal cycle, suggesting a more extended redox change over the year. The lowest ferrous iron concentrations were found in surface sediment collected in December; during May the concentration was higher and was highest in September. Obviously, ferric iron reduction was intense during spring and summer, whereas ferrous iron oxidation prevailed during late autumn and winter. Similar results were found for iron cycling in marine sediment of coastal bays at water depths of 1 m (Rozan et al. 2002) or 16 m . The increasing ferrous iron content during spring and summer could be attributed to enhanced microbial or chemical ferric iron reduction caused by intensified import of organic matter into the sediment owing to the breakdown of algal blooms throughout the summer. In contrast, no annual cycle of iron concentrations and distribution was found in nonvegetated sediment of a freshwater wetland (Roden and Wetzel 1996) . Alterations in sunlight intensity over the year could also cause seasonal changes in the ferrous iron content of the surface sediment. During summer, the light intensity is high and reflection from the water surface is low because of the steep incident angle (Wetzel 2001) . This might stimulate photochemical ferric iron reduction and cause higher ferrous iron concentrations at the sediment surface during summer. Light similar to sunlight both in intensity and spectral qualities and with an irradiance higher than 50 lE m À2 s À1 incident in seawater medium can cause photochemical ferric iron reduction only in the nanomolar range and enhance the supply of dissolved ferrous iron that supports phytoplankton growth (Miller and Kester 1994 ).
An extended transition zone favors gradient organisms
In nature the light intensity changes quickly because of clouding, diurnally from night to day over several hours, and annually with the intensity and incident angle of sunlight. Oxygen concentration and penetration depth in the surface sediment reacts immediately to changes in illumination, and new steady-state situations are reached within a few minutes. This fluctuation of the oxic-anoxic interface is followed by a shift in the zonation and microbial transformation of all subsequent electron acceptors such as nitrate and sulfate. Results of this study showed that also up to 10% of the biologically available iron pool reacts to this change in the general redox state of the sediment during a 12 h day-night cycle. The varying spatial and temporal dimensions of these reactions create a large transition zone with shifting counter gradients of various compounds of varying concentration and redox state. This extended zone of potential microbial substrates with differences in pool sizes and reaction rates creates a large habitat for gradient organisms with a broad variety of temporary microniches for specific metabolic activities. This variety of niches sets the stage for the development of a broad organismic diversity in this environment, analogous to the so-called 'paradox of phytoplankton' (Hutchinson 1961) .
